Infection of a susceptible bacterium by a virulent phage particle is followed, after a latent period, by cell lysis and liberation of newly formed phage particles. The infecting particle loses its infectivity shortly after adsorption to the host, a fact attributed to disociation of the particle into a-cell penetrating fraction, consting chiefly of nucleic acid, and an externally persisting fraction, consisting chiefly of protein and containing at least some of the principal phage antigens (Hershey and Chase, 1952) .
The study of the intracellular development of virus antigens, initiated with influenza v (Hoyle, 1948 (Hoyle, , 1952 Henle and Henle, 1949; Liu and Henle, 1951) , has now been extended to phage (Rountree, 1951 (Rountree, , 1952 DeMars et al., 1953) . At present, it is generally agreed that virus antigens appear intracellularly before infectious virus. Studies with phage have been aided considerably by the discovery of methods such as the cyanide-T6 technique of Doermann (1952) for lysing infected cells at given times during the latent period. In the only available quantitative studies of the role of phage antigen in the infective proce, it has been reported (Rountree, 1951 (Rountree, , 1952 that the complement-fixing antigen of coliphage T5 and of the staphylococcal phage 3A disappears from the system shortly after adsorption; with phage 3A, a second antigen is believed to persist externally. The present paper describes a quantitative method for complement fixation with phage and its application to the study of Baceria. Escherichia coli, strain B, the common host for the T-phages, was used throughout, except that in experiments on premature lysis with T6 present in some sampl all infectivity assays were made on the mutant strain B/6 resistant to T6 but sensitive to T5.
Phage. A mas lysate prepared from a single plaque of phage TS was plated by the agar-layer technique so as to give barely confluent lysis. The virus was eluted from the agar layer into broth and purified by two cycles of differential centrifugation. The final suspension, in M/15 phosphate buffer plus 2 X 10-m MgSO4, had a plaque-count titer of 1.7 X 1011, a value which did not change during storage for one year at 4 C. Unless otherwise noted, this stock preparation was used throughout, both as inoculum and as reference material in complement fixation.
Details of standard methods in phage work are given by Adams (1950) .
P11-labeled phage T5 was purified by three cycles of differential centrifugation from a mass lysate prepared on bacteria grown in tryptose medium (5 g Bacto-tryptose + 5 g NaCl per liter + 5 X 104 M CaClg) supplemented with 22 microcurie Pt1 per ml.
Adsorption. To promote adsorption of the poorly adsorbing phage T5, bacteria grown to about 1 X 108 in nutrient broth at 37 C were collected by centrifugation and resuspended in 1/60 the original volume of fresh broth. Adsorption by the concentrated bacteria was 95 to 98 per cent complete in 4 to 6 minutes at 37 C. For one step growth experiments, the adsorption mixture was then diluted 1:50 or more in pre-warmed broth and incubation was continued at 37 C.
Premature lysi8. Aliquots of the infected culture were mixed in an ice-bath with 0.05 vol of lysing mixture, so as to give a final concentration of 0.01 M KCN and about 500 T6 particles adsorbed per cell. The T6 stock was a purified preparation with a plaque-count titer of 1.1 X 101. After 10 minutes in the cold, the mixtures were incubated one hour at 37 C, then asayed by plaque count and complement fixation.
Complement fixation. Materias. The diluent, buffer-albumin, was a veronal-bicarbonate buffer containing 0.1 per cent bovine albumin .
Complement and hemolysin were commercial preparations (Sharp and Dohme). Sheep blood was collected aseptically into an equal volume of glucose-citrate-saline solution (DeGowin et al., 1949) and stored at 4 C. When needed, a suitable quantity was centrifuged, and the red cells were washed three times with buffer-albumiin and made up to 5 per cent by volume. The washed cells were sensitized by treatment for 10 utes at 37 C with an equal volume of diluted hemolysin, sufficient to give optimal sensitization. Then they were stored at 4 C for not longer than two hours. Details are given by Kabat and Mayer (1948) , whose general procedure we have followed. All glassware was cleaned in sulfuric acid-dichromate mixture and rinsed thoroughly.
A serum with high complement-fixing activity aganst T5 was obtained from a rabbit after repeated subcutaneous and intravenous injections of purified virus. The crude serum fixed complement also with disrupted host-cell preparations obtained by sonic vibration and with crude T2 lysates. To minimize heterologous reactions, the serum was diluted 1:5 in buffer-albumin, heated 30 minutes at 56 C to destroy the complement present, and absorbed three times, each time with 1.2 X 10' washed host cells per ml diluted serum. The absorbed serum, at a further dilution of 1:10 or greater, failed to react with host-cell preparations, crude T2 lysates, or purified T6, but showed undiminished activity againt T5. The serum was sterilized then by ifitration through sintered glass and stored at 4 C. In phage neutralization, this serum had a k value (Adams, 1950) (Lanni and Lanni, unpublished data) , but Rountree (1951 Rountree ( , 1952 has failed to observe antigen-excess inhibition with either phage T5 or phage 3A.
(2) With serum diluted 1:800 and less so at 1:400, the curve shows an aberration at high antigen concentration due to anticomplementary effect of the antigen. At the extreme right, all curves approach basal levels set by the anticomplementary effect of serum at various dilutions.
(3) At the maximum for 1:800 serum, approximately 50 per cent (0.75 out of 1.46 units) of the total complement has been fixed. The system is thus extremely sensitive to the fixation of small amounts of complement. On the other hand, levels of complement fixation ranging from 60 to 100 per cent are discriminated poorly since the corresponding transmissions range only from about 85 to 100 per cent.
(4) Significant fixation is observed with 1:5,120 antigen, corresponding to about 7 X 107 total plaque forming units. Variations in total complement, resistance of sensitized cells to lysis, and possibly other factors cause some variations in sensitivity from experiment to experiment.
(5) At constant antigen, the dependence of fixation on serum concentration is most pronounced at high antigen concentration. Hence, the relative activity of two sera is best determined with antigen diluted not more than about 1: 640. The relative activity of two antigen preparations, the measurement that will concern us most, is best determined with serum diluted not more than about 1:200 in order to minimize the importance of volume errors in the distribution of the serum; we have used 1:200 serum. The relative activity of two antigen preparations can be obtained directly from the displacement of the corresponding curves (transmission versus log antigen dilution or its equivalent) along the dilution axis.
More detailed information about antigens can be obtained by the use of serum diluted beyond the level recommended for routine quantitative analysis. This modification, employed profitably in work with phage T2 (Lanni and Lanni, 1953) , limits the maximal possible fixation and permits observations in the region of antigen-excess inhibition. The complement fixation curves thus obtained have value both for the identffication of antigens and for the detection of multiple antigens in a mixture. Similar considerations apply to the study of sera. A technical disadvantage of the modified system is its greater sensitivity to the dosage of complement, the fragility of red cells, and other factors.
Conditions for premature lysis. Doermann (1952) has shown that bacteria infected with T4 can be lysed throughout the latent period by treatment with 0.01 M cyanide and a high multiplicity of T6. Kay (1952b) has obtained similar results substituting glycine for T6. In the absence of T6 or glycine, cyanide promotes lysis only during the second half of the latent period when mature phage is already present intracellularly (Doermann, 1952; Weigle and Delbruck, 1951; Kay, 1952b; see, however, Rountree, 1951 see, however, Rountree, , 1952 (1) The normal lysis control (curve A) shows a latent period of about 45 minutes, a rise period of about 15 minutes, and a burst size of 95. Before the onset of lysis, the plaque count was constant at about 1 X 108 and was distributed between infected cells (88 per cent) and unadsorbed phage (12 per cent; arrow 1).
(2) With premature lysis (curve B), a shorter constant period of about 22 minutes is followed by a prolonged rise period of about 40 minutes.
The final yield is experimentally identical with the control. The plaque count during the constant period, 1.25 X 107, corresponds to unadsorbed phage (arrow 1), which was about 5 per cent of total input (arrow 2).
(3) The complement-fixing activity of the premature lysates (curve C) shows a nearly constant period of about 18 minutes, during which the activity is almost identical with the total input activity (arrow 2). There is no evidence that the input antigen disappears during infection (see Rountree, 1951 Rountree, , 1952 figure 2 suggested that the infectivity but not the serological activity of the infecting phage is lost shortly after adsorption. Since, however, the infected cultures were lysed artificially, the experiments gave no evidence as to whether the antigen entered the host cell as suggested by Rountree (1951 Rountree ( , 1952 or remained outside as suggested by findings of Hershey and Chase (1952) with T2.
Further experiments showed that when an infected culture is treated early in the latent period with cyanide alone, all the input antigen remains available for complement fixation, within the limits of experimental error (about 5 per cent); yet, the adsorbed fraction of the antigen, about 75 per cent of the input, is sedimentable at low speed. By contrast, the adsorbed antigen of infected cultures lysed with cyanide + T6 is found in the low speed supernatant. These experiments were supplemented by others employing a Waring blendor (Hershey and Chase, 1952) (2) The actual multiplicity of infection, usually two to three, is theoretically sufficient to cause infection of 85 to 95 per cent of the bacteria. Occasionally we recovered 85 to 100 per cent of the expected count of infected bacteria; more often the count was only about 50 per cent of the expected value (see Benzer, 1952) .
(3) Treatment of infected cultures during the latent period in the semmicro-Waring blendor reduced the count of plaque forming bacteria and liberated antigen from the cells. These effects were nearly complete in one minute and complete in three minutes with no further change up to 10 minutes (running time at 10,000 rpm). The treatment had no effect on free phage. A standard period of three minutes was adopted.
(4) If the adsorption mixture was diluted 1:25 in cold broth (or diluted in warm broth and chilled immediately) and then blended, the count of plaque forming bacteria was only 1 to 3 per cent of that in unblended controls. This result contrasts markedly with the resistance of infected bacteria to blending obseryed by Hershey and Chase (1952) Bacteria, grown in broth to 1.5 X 10$ and concentrated 60-fold, were mixed in broth at time zero with 2.5 P"2-labeled phage per cell. The bacterial concentration was 7.2 X 109. After 6 minutes at 37 C with aeration, 98 per cent of the phage activity and 72 per cent of the antigen had been adsorbed. The mixture then was diluted 1:25 in broth and kept at 37 C. At intervals (7, 12, 17, 27 minutes) samples were chilled in an ice-bath and treated as follows. One portion was assayed for total infective centers and P"w, which were found to remain constant. A second portion was centrifuged at low speed, and the supernatant and pellet were assayed for infective centers and P", which again remained constant. A third portion was blended for 3 minutes in the cold. Part of this material was assayed as such. Another part was centrifuged at low speed, and assays were made on the pellet and supernatant fractions. The supernatants from blended materials were tested also in complement fixation and found to Many of the foregoing observations can be explained by the assumption that the failure to recover the full number of infected bacteria after blending is related to the failure of attached phages to "inject" their desoxyribonucleic acid (Hershey and Chase, 1952) . Experiments with P32-labeled T5 phage indeed showed a close but not perfect correlation of phosphorus incorporation, measured by failure of removal of P32 by blending, with establishment of infection resistant to blending. An example is given in figure 3 , where the blendor-resistant p32 content of phage treated bacteria is seen to increase slowly as the preblending incubation is prolonged, but somewhat more rapidly at first than the number of successfully infected bacteria. The rate of p32 incorporation was greatly reduced during incubation of undiluted adsorption mixture, just as was the establishment of infection resistant to blending (see above).
We conclude that the establishment of infection resistant to blending by phage T5 is a slow process under the most favorable of the investigated conditions and is correlated, though probably not perfectly, with a similarly slow incorporation of phage nucleic acid by the bacteria.
These results necessitate a reexamination of serological data in reference to the question whether any of the antigen removed by blending belongs to successfully infecting particles. It is necessary to estimate the fraction of antigen initially adsorbed to cells that are actually found infected at the time of blending, and to compare this estimate with the observed recovery of adsorbed antigen. For simplicity, we assume that antigen and phage are distributed together in random fashion among the cells of the culture. We assume further that the probability of irreversible infection of a given cell, with phage attached, during a given period of incubation is independent of the number of phage particles, or amount of antigen, attached to the cell; it will prove unnecessary at the moment to consider alternative assumptions. Rountree, 1951 Rountree, , 1952 .
When the serological data of experiment 1, table 1, are compared with the radioactivity data of the same experiment (figure 3), much stronger evidence is obtained that antigen and nucleic acid dissociate during the infective process. Thus, at a time (17 to 27 minutes) when half the initially adsorbed phosphorus is irreversibly adsorbed, essentially all the initially figure 2 that the ratio antigen:phage, set at unity for purified phage, was 2.2 for crude lysates. Whatever the content of noninfectious, serologically active material in the purified preparation, the proportion of such material is evidently greater in the lysates. Additional information is given by the following experiments.
Two one step lysates (A and B), similar to the control of figure 2 at 80 minutes, were clarified by low speed centrifugation and centrifuged one hour at 12,000 X G. The pellets were eluted into nutrient broth with gentle agitation; and supernatant and pellet fractions were assayed for active phage and for antigen. As a control for stability of phage during centrifugation, purified phage was diluted in nutrient broth and centrifuged in a similar way. In addition, a portion of lysate B was incubated for 15 minutes at 37 C with host cells concentrated from a growing culture and added to give 1.7 X 109 cells per ml in the mixture and a phage:bacterium input ratio of 1.0. A sample of this mixture plated before lysis for total infective centers gave a count of 1.1 X 10g. The remainder was centrifuged at low speed, and the supernatant was assayed for unadsorbed phage (1.6 X 107) and for antigen. The count of infected bacteria (65 per cent of input) was very close to the theoretical value (1 -e-1 = 0.63), an exceptional but useful result.
The results of the activity assays given in table 2 show that:
(1) The plaque forming activity of purified phage was not reduced appreciably by centrifugation; most of the activity (84 per cent) was recovered in the pellet.
(2) The total recovery of phage in the lysate fractions was only 44 and 58 per cent. It is suggested that the loss of activity occurs when phage and bacterial components are brought together in the high speed pellet; no loss occurs when lysates are allowed to stand uncentrifuged for comparable or longer periods. The results indicate that a large fraction of the total antigen of crude lysates does not sediment with phage and a large fraction is not host-adsorbable. The relation of these fractions to each other, or to the noninfectious serologically active materials previously described in phage lysates (for references, see Lanni and Lanni, 1953) , has not been studied.
DISCUSSION
Infection of a sensitive bacterium by phage is generally considered to follow rapidly on adsorption if phage and host are mixed in a medium where both processes can occur. Under the conditions of our experiments, however, irreversible infection by phage T5 lags considerably behind adsorption. The rate of establishment of infection throughout a culture is related, though not perfectly, to the rate of incorporation of phage phosphorus (hence, nucleic acid) by the bacteria. Suggestive evidence, needing extensive confirmation, has been obtained (figure 3) that the simple uptake of phage phosphorus is not sufficient to establish infection. The manner in which the over-all effectsi summed over the whole culture, reflect the properties of individual phage-bacterium interactions cannot be judged from the available data.
The further inhibition both of phosphorus incorporation and of establishment of infection that occurs in highly concentrated phagebacterium mixtures is apparently a distinct phenomenon and seems to be related to availability of calcium (Luria and Steiner, 1954) , an element known to be essential for the growth of T5 (Adams, 1949; Kay, 1952a,b) .
The concept (Hershey and Chase, 1952 ) that the infecting particle dissiates into cell-penetrating and externally-persisting fractions is supported in our work by evidence that phage antigen, active in complement fixation, can be stripped almost quantitatively from the cels of an infected culture at a time when considerable phosphorus has been incorporated. When the recovery of antigen is compared, not with phosphorus uptake but with the recovery of actually infected cells, the evidence for dissociability Is weaker, for reasons already noted. The latter comparison could be improved somewhat by changing some of the experimental conditions. For example, Luria and Steiner (1954) found that a better recovery of plaque forming bacteria is obtained if chilled samples are prewarmed at 37 C before plating for plaque count. Under any conditions, the experiments should include a critical study of the composition of the phage inoculum, for analysis of the data requires knowledge of the content of serologically active, noninfectious material. The absence of such a study in the experiments by Hershey and Chase (1952) with T2 somewhat weakens their arguments for dissociation of the infecting particles.
Our experiments on intracellular growth yield the type of evidence that one can reasonably expect from a straightforward serological analysis unsupplemented by other devices. Newly formed complement-fixing antigen appears intracellularly a few minutes before newly formed mature phage. For a long period, total antigen and mature phage increase almost linearly, the former about twice as fast as the latter. Hence, the infected culture contains at all times an excess of antigen over that present in phage. The production of antigen does not appear to cease until phage liberation is complete. The precise meaning of the antigen estimations is obscured by the lack of information about the physical form in which the antigen is present and the serological value of antigen in different forms. Altogether, the results support, although not in a crucial way, the hypothesis that the production of mature phage proceeds through a stage of production of noninfectious, serologically active elements. The discovery and isolation of immature, serologically active particles of T2 and T4 (Levinthal and Fisher, 1952; DeMars et al., 1953; Maal0e and Symonds, 1953) suggest that quantitative serology may be combined profitably with other techniques in future work.
If T5 turns out, like staphylococcal phage 3A (Rountree, 1952) and phage T2 (Lanni and Lanni, 1953) , to possess multiple antigens, the serological task, although multiplied, will be aided by the opportunity of discerning the development of linkage among the distinct antigens.
SUMMARY
Quantitative complement fixation has been applied to the study of the reaction of phage T5 with homologous rabbit antibody, of the infection of Esherichia coli, strain B, with this phage, and of the intracellular development of phage antigen. The infective process can be interrupted by treatment of infected bacteria in a Waring blendor early after phage adsorption. The 
